The ability to communicate between downhole and surface instruments became a critical need as well operators monitor flow rate, temperature, and pressure data to facilitate well performance optimization and maintenance. The use of wire lines for communication between downhole and surface is common, but these installations present cost, maintenance, and reliability issues. Wireless communications technology using acoustic waves is an interesting alternative to these wired systems. While the acoustic technology offers great benefits, a clear understanding of its propagation aspects inside the wells is lacking.
Introduction
Wireless communication is a discipline that has widespread applications in different industrial areas. Gas and oil industry is one of the recently growing areas for potential applications of wireless communications technologies. Such technologies can be used for addressing issues in exploration, drilling, and production stages and improving their performances. For instance, well performance and production efficiency can be enhanced by having a means to communicate between surface and downhole tools. Reading of typical well data like gas flow rate, pressure, and temperature is crucial to monitor the performance of the wells. Currently, this data are obtained using wired systems. However, cost and reliability of such wired systems are prominent concerns. Therefore, alternatively, the existing wired systems can be replaced with wireless communications systems to acquire the vital data without interrupting production. Using acoustic waves to carry vital data from the wellbore to the surface and vice versa through the production tubing is a promising method to achieve wireless downhole communications.
While using the acoustic waves to carry information inside the oil wells offers great benefits, this technology lacks a clear understanding of its propagation aspects inside the wells. This article describes a testbed that was designed to characterize the propagation aspects of acoustic waves over production pipes. A wireless communication system was built using an acoustic transmitter, five segments of 7 inch production pipes, and an acoustic receiver. Channel impulse response results are discussed in this article, including the effect of concrete on signal propagation. Moreover, this article investigates the large scale statistics associated with the channel impulse response measurements; these measures include power spectral density, signal-to-noise ratio, power delay profile, mean excess delay, root mean square delay spread, maximum excess delay, and coherence bandwidth.
The rest of this article is organized as follows: Section 2 provides an overview of acoustic downhole telemetry systems. An overview of the designed testbed and experiment is given in Section 3. Measurement results are shown and discussed in Section 4. Finally, Section 5 contains discussions and conclusions.
Acoustic Downhole Systems
Using acoustic waves to carry data is a promising method to conduct wireless downhole communications. Acoustic waves can propagate from one point to another through vibrating the production tubing. While offering substantial potential benefits, this technology is still in its infancy and is currently not suitable for some large diameter tubings and longer distances. Obviously, there is a need to study the behavior of the acoustic channel in this environment. Understanding the channel nature is essential to design a successful communication system.
There have been many attempts to understand the behavior of acoustic downhole communication systems in the past few years. For example, Barnes and Kirkwood (1972) and Squire and Whitehouse (1979) provided an early analysis of the problem, predicting that the frequency response of the communication channel will have alternating pass bands and stop bands. Signal transmission is possible within pass bands. However, attenuation is very high in stop bands; accordingly, signal propagation is not possible.
Drumheller (1992) indicated that it is crucial to analyze the frequency response of the pipe string to design a successful acoustic telemetry system. The acoustic impedance changes over the pipe string; this produces an unusual scattering pattern in the acoustic transmission, which causes distortion to the acoustic signal. It was noted that the original attempts to develop an acoustic telemetry system failed because of the use of narrow-pulse transmission scheme. This method will spread the limited energy over a broad band of frequencies, echoes will disperse the waves and attenuate the energy, and finally the pipe string will block large bands of acoustic energy.
Pipe strings are assembled from 30 to 45 foot sections of pipe, which are connected through joints. The cross sectional area of the pipe joints is significantly greater than that of the pipe. For a compression wave propagating over pipes, the channel acoustic impedance is the product of the pipe mass density, wave bar velocity, and pipe cross sectional area (Drumheller 1989 ). This will result in the pipe joint having higher acoustic impedance than the rest of the pipe body. As expected, any spatial variations in the acoustic impedance along the pipe string will result in partial reflections and/or transmissions of the acoustic energy. Eventually, the pipe joints will cause multiple reflections in the acoustic signal, but since the joints occur at periodic intervals along the pipe string, signal transmission is still possible within pass bands (Drumheller 1989) . When pipe segments are not exactly of the same length, the width and center of the pass bands are found to change (Drumheller and Knudsen 1995) .
Attempts to model acoustic signals propagating over pipes in time domain can be found in Lous et al (1998) , where the propagation of sound energy pulses through the pipe string and the effect of multiple reflections and/or transmissions during this propagation were described using a Markov chain. A time-domain algorithm was developed in Carcione and Poletto (2000) for the propagation of one-dimensional waves including transducer sources and sensors. Studies of acoustic transmission through fluid-filled pipes in boreholes were conducted in Rao (1991) and Rao (1996) . A multi-layered waveguide was suggested in Lee (1991) to understand how sound waves propagate axially in drilling borehole.
Experiment Design
A testbed was designed to study the behavior of acoustic waves in downhole telemetry communication systems. The testbed provided a means to conduct propagation experiments of acoustic waves propagating over production pipes. The designed testbed comprises three main components: an acoustic transmitter, a pipe string, and an acoustic receiver. A simplified block diagram of the testbed is illustrated in Fig. 1 .
The main component of the acoustic transmitter is a piezoelectric transducer. This wireless tool transmits data from inside the wellbore to the surface without cables, and so it does not block the fluid flow inside the well tubing. The transmitter output is a compression acoustic signal in the form of a burst that propagates by vibrating the pipe string. The impulse input signal to the acoustic transmitter in this setup is a voltage signal controlled by a function generator. The function generator creates a 200 microsecond square signal (i.e., the input impulse signal), which repeats every second. This signal is fed to the acoustic tool, and the transmitter generates the acoustic waves accordingly.
The acoustic receiver was internally-developed. It consists of a 50G piezoelectric accelerometer, a clamp to attach this sensor to the pipe string, an interface circuitry to power the sensor, an anti-aliasing low-pass filter, a data acquisition card, and a computer that runs internally-developed software. The piezoelectric accelerometer measures the vibrations produced by the transmitter over the pipe string, and the accelerometer along with the interface circuit work as an acoustic sensor that converts the acoustic vibrations into a voltage signal. The data acquisition card connects the sensor output with the computer; it samples the measurements at a rate of around 47 kHz. The computer is used to capture, display, and analyze the measured channel impulse response.
To simulate a communication medium, five segments of 7 inch production tubing were assembled to form a long pipe string. Each pipe segment is around 40 feet long, so the overall pipe string length was around 200 feet. Moreover, to minimize the interface between the pipes and earth, the pipe segments were positioned over wooden blocks. The wireless tool, with a diameter of 2-7/8 inch, connects to the pipe string, which has a 7 inch diameter, through a swedge.
It is interesting to investigate how other external factors can affect the propagation of acoustic waves in this setup, and the effect of encasing the exterior of a pipe segment in concrete is one interesting thing to study. The bottom segment of the production tubing is encased in concrete in many wells to prevent hydrocarbon gases from leaking to the surface. It was expected that the introduction of concrete would have a significant impact on the propagation of acoustic waves through the tubing. To study this effect, the exterior of the first half of the third pipe segment was encased in a doughnut-shaped concrete segment. The concrete has a thickness of 3/4 inch and a length of about 20 feet (i.e., the concrete was encased on the pipe string between 80 and 100 feet away from the transmitter tool). Moreover, to have a deeper understanding of the effect the concrete has on impulse response measurements, the later part of the third pipe segment was encased in concrete as well. The concrete segment was around 20 feet of length and 3/4 inch of thickness between the points 100 and 120 feet away from the transmitter tool.
Extensive propagation experiments were conducted on this system to find the channel impulse response as a function of propagation distance. Signal measurements were taken at the beginning, middle, and end of each pipe segment. In each measurement, five bursts were recorded. Afterward, the accelerometer would be disconnected from the pipe string and then reconnected again to make two more independent measurements.
Experimental Results
The power delay profile (PDP) of a measurement is an indication of the intensity of the signal received through the channel as a function of time delay. Assuming the received signal (i.e., the channel impulse response) is called y, then the PDP of y can be found as 10 log 10 (y 2 ). On the other hand, the normalized PDP of y is defined as 10 log 10 ((
2 ). Fig. 3 shows the normalized PDP of the impulse response for a measurement taken at the beginning of the pipe string. It is noted that the channel response extends over duration of about 40 milliseconds, which is far longer than the impulse actual duration (0.2 milliseconds). Channel multipaths are believed to cause the spread of the channel impulse signal at this early stage in the pipe string. In addition, Fig. 4 and Fig. 5 show the same measures for a channel response measurement taken at the end of the pipe string. It is obvious that the signal energy extends over a longer duration compared to that at the beginning of the string. Because this reading was taken beyond the concrete segment, the effect of concrete is very obvious in attenuating and smearing out the acoustic signal.
Fig. 2 displays the channel impulse response, and
Power spectral density (PSD) of a signal is a measure that describes how the power of that signal is spread in frequency. Fig. 6 shows the PSD of the channel impulse response when it was measured at the beginning of the pipe string. It is noted that the channel impulse response contains frequency components from 700 Hz up to 20 kHz. As the signal propagates down the string, high frequency content seems to decay more rapidly than the low frequency content. Most of the energy of the signal measured just before the concrete segment seems to be contained in the lower frequency range (700 Hz -11 kHz) as shown in Fig. 7 . On the other hand, for the measurements taken beyond the concrete segment, it is noted that most of the available energy is available in the 700 Hz -2.5 kHz frequency band as shown in Fig. 8 and Fig. 9 . It is thought that the concrete effect on acoustic signal propagation is like a filter whose bandwidth depends on the length and thickness of the concrete segment.
One of the most important measures of signal quality is the signal-to-noise ratio (SNR) value. This measure is found by dividing the power of the channel impulse response over the power of the noise signal. Fig. 10 displays the SNR of the channel impulse response along the pipe string. It is noted that the measured channel response does not experience a notable decay for the measurements taken before the concrete segment. However, the concrete effect is obvious for the readings taken beyond the concrete segment. The channel impulse response readings experience a noticeable attenuation as the SNR value decreases rapidly. Consequently, acoustic signal propagation is very limited beyond the concrete segment. It is obvious from these results that the concrete segment is heavily attenuating the acoustic signal; this behavior occurred because acoustic waves propagate from one point to another by vibrating the pipe string. The presence of concrete over part of the string makes it more difficult to vibrate the pipe string. Accordingly, acoustic waves are attenuated.
To study the channel time dispersion parameters, the delay spread measures are considered. These measures include mean excess delay, root mean square (RMS) delay spread, maximum excess delay (X dB), and coherence bandwidth. A delay spread measure is an indication of the multipath richness of the acoustic channel; it provides an indication about the difference between the arrival time of the first significant multipath component and the arrival time of the last multipath component.
The mean excess delay, denoted as , of the channel impulse response is the first moment of the power delay profile of y.
It is given as (Rappaport 2001)
where is the time index and y k is the value of y at time . Moreover, the RMS delay spread, respesented as , is the square root of the second cental moment of the power delay profile of the measurement. Consequently, it can be found as (Rappaport 2001) , ……………………….
( 2) where
The maximum excess delay (X dB) is defined as , where is the time of the first arriving multipath and is the ma within t at ximum time delay at which a signal multipath is X dB of he strongest multipath signal (Rappaport 2001) . This measure defines the extent of the multipath energy that is above a particular threshold (X dB). In addition, coherence bandwidth, denoted as , is a measure of the range of frequencies over which the acoustic channel can be considered flat. In other words, this measure defines the range of frequencies over which the frequency components have a strong correlation. However, the coherence bandwidth and the RMS delay spread measures of a channel are inversely proportional. For example, if is defined as the bandwidth over which the frequency components have a correlation above 0.5, then can be approxim ed as (Rappaport 2001) . ……………… (4) . 12, Fig. 13 , and Fig. 14 show the delay spread measures of ious from these results, acoustic signals experience dispersion while propagating though the pipe string, with mean excess delay of around 17 milliseconds and RMS delay spread of around 27 milliseconds for the measurements taken before the concrete segment. Comparing these values to the actual duration of the impulse signal (i.e., 0.2 milliseconds), gives an indication of the severity of the dispersion in the channel. This severe dispersion is believed to be, at least in part, due to the multipath reflections in the pipe string. Because of the presence of the pipe joints that have higher acoustic impedance than the rest of the pipe body, the variations in the acoustic impedance along the pipe string will cause multiple reflections and/or transmissions of the acoustic energy.
For the measurements taken beyond the concrete segment, signal dispersion is very obvious. In this case, the mean excess delay appears to be around 68 milliseconds, RMS delay spread around 45 milliseconds, and maximum excess delay (10 dB) is around 340 milliseconds. It is thought that in addition to the multipath reflections in the acoustic channel, the concrete segment filters out most of the signal frequency content. This will smear out the acoustic wave; consequently, the delay spread measures will show larger dispersion values. In addition, the low values of the coherence bandwidth indicate that the pipe string, when used as a transmission medium, appears as frequency selective channel. Consequently, different frequency components of the acoustic wave are expected to experience an uncorrelated fading. This result suggests that an equalizer is beneficial for this setup to reduce the effects of channel distortion and signal dispersion.
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This article descri communication systems. Impulse response experiments were conducted on this testbed to understand the channel behavior especially when part of the pipe string was encased in concrete. Measurements were taken at different locations along the pipe sting, and channel large scale statistics were extracted. Experimental results are described in this article. Findings of this work show that acoustic waves experience a noticeable dispersion over the channel; the coherence bandwidth results indicate that the pipe string appears as a frequency selective channel. Moreover, the concrete was found to filter out a considerable amount of energy in the higher frequency band; as a consequence, the introduction of concrete over the pipe string introduced further attenuation and dispersion to the acoustic waves.
Results of this work indicate the need to use signal processing algorithms to reduce the attenuation, distortion, and dispersion introduced by the pipe string acoustic channel. 
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